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the highest was 84O, at Fort Laraniie on the 19th and 2Mh, and the 
lowest, zero, at Daniel on the 1st. The average precipitation was 1.19, 
or 0.48 below normal; the greatest nionthl amount, 2.24, occurred at 
Red Bank, and the least, 0.10, at  Centennial 

Plowing and seeding were in progress during the nionth over much d 
the State. but cold, freezing weather delayed the work. The cold rain 
and snow on the 21st and BPd was severe on sheared sheep, and many 
perished during the storni. - W. 6. PnZnier. 

SPECIAL CONTRIBUTIONS. 

STUDIES ON THEI STATICS AND KINEMATICS OF THE 
ATMOSPHERE IN THE UNITED STATES. 

Ry Prof. FRANK H. BIGELOW. 

IV.-REVIEW OF FERREL’S AND OBERBECK’S THEORIES OF 
THE LOCAL AND THE GENERAL CIRCULATIONS. 

QENERAL COMPARISON OF FERREL‘S AND OBERBECK’H THEORIES. 

order to cliscuss the theories which have 1leen l)rollosed 
to account for the circulation of the atmosl>here in cyclones 
ancl anticy).clones, ancl in general over an hemisilhere of the 
earth, it will be convenient t,o confine ollr attention to t,he 
views 1lro1)011nded by Ferrel an(- Oberbeck 1)ecause their treat- 
merit is quite complete, ancl also 1)ecnuse they represent a large 
number of writers who agree with them more or less perfectly. 
~h~~~ is another theory of qilite a clifferent ty1)e which can i e  
taken up profitably after some critical remarks hare been made 
on the validity of these earlier \iiews. In their treatment of 
the general circulation of the atmosphere both Ferrel 
and Oberbeck adopt the “cannl theory of the cbculation, anc1 

Ol>erbeck illaces his 
origin of coordinates at the center of the rotating earth, de- 
velops the eqi1ations of motion, and transforms to the surface 
when they are employed in the evaluation of the resulting ve- 
locities. He also clecluces the terms in the pressure clue to 
the absolute motion of the earth, and to the relative motions 
of the atmosphere. F e i ~ e l  places his origin of coordinates a t  

out their solutions along that line. 

warm-center cyclones do occur in nature, for without them 
these two theories entirely fail of applicability to our meteor- 
ology. They are both possible forms of vortex motion, but it 
is necessary to sho\v that the antececlent physical conditions 
prevail, before they can be accepted as explanations of the ob- 
servecl cyclonic motions. 

Both of these authors have esperiencecl m ~ c h  difficulty in 
accounting for the anticyclones. Ferrel esplainecl that the 
interference of two of his i>ericyclonic rings WOdd heap UP the 
air and produce an area Of  high 1lressUlW With 8 ClOCkWise Out- 
flow, but this theory is SO far from being in COllfOrlnity With 
the ftECts, that it is now, by general consent of meteorologists, 
consiclerecl to be of only historical value. Oberbeck sought, by 
simply reversing the sign of the vertical component of velocity, 
to invert his cyclone into an anticyclone. He met with a 
stumbling-block in the niathematical analysis, but was relieved 
of this by Pockels, who correctly evdUrtted the constant of 
integration. NO attempt was macle to show that the resulting 
stream lines conform to the motions of the air in high areas 
of pressure. Indeed, since the modern observations have given 
Us more correct lines Of  flow, it is qUite Certain that the anti- 
cyclone Can not be explained in this Way- 

THE SUPPLY OF LOCAL CENTERS OF HEAT. 

It is evident, therefore, that the first practical question to 
the surface of the earth, tsansforms his equations to include a 
temperature term through the variations of the density, ancl 
discusses the meaning of the equations under special limita- 
tions, with illustrations from the observed motions of the 
atmosphere. It may be remarked that von Helmholtz intro- 
duces the temperature terms into the equations of motion, not 
through the density, but through the pressure, by using the 
equation of elasticity, p 11 = R T. This procedure is probably 
a better method of solution. There is not much difference in 
the results as derived from the analysis by these authors, but 
there is serious clificulty in making them Cgree with the modern 
observations of the motions of the atmosphere in the higher 
strata, as determined by the international cloud work. 

I n  their heahnent of the cyclone Ferrel ancl Oberbeck cli- 
verge radically from each other, though they start with the 
sanie physical principle, namely, a local overheated nims of air 
which in rising through its own buoyancy produces the cy- 
clonic circulation. Ferrel assumes a fixed cylinclrical boundary 
about his cyclone, and considers a warm-center cyclone (circn- 
lation anticlockwise), siwrouncled by a pericyclonic ring (circu- 
lation clockwise), in the Northern Hemisphere, the two portions 
being separated by a surface where the gyratory velocity 
vanishes. By maintaining a cold inass of air in the center in- 
stead of a warm mass the circulation is reversed, and a cold- 
center cyclone is developed. Ol>erl>eck does not assume any 
esternal boundary to the circulating mass of air, but  in the 
central region, bounded by a cylindrical surface, there is a 
vertical component, while outside of it there is no such vertical 
ascent of the air. At this boundary there is a discontinuity in 
the vertical velocity, and a t  the same distance from the center 
the g.yratory velocity about the axis is a masimum; this falls 
away to zero at  the center and also at  some indefinite distance 
in the outer region. It is essential to the existence of these two 
theories, although they differ so radically from each other, to 
establish the fact that such local centers of heated air in the 

decide is whether such local inasses of air exist, heated in the 
under strata and more or less cylindrical in form, as will pro- 
duce either of the abore foTms of cyclone. Meteorologists 
have generally supposed that this is the case, and they have 
usually attributed the source of the vertical convection to the 
latent heat of condensation. Dr. J. Hmn, in 1890, ancl again 
in his Lehrbuch der Meteorologie, has shown in great detail 
the inadequacy of this source of heat to produce cyclones, and 
he has indicated that the source of cyclonic action consists 
rather in horizontal convection currents. As this agrees w?th 
the view which I ha1.e already advocated, since it seems to me 
to be in conformity with the observations, I will therefore 
make a rhsumi! of my remarks on this topic in the Internn- 
tional Cloud Report. It will be a great gain if  meteorologists 
can be persuacled to reject the old condensation theory, which 
has an apparent but really illusory plausibility, in favor of the 
really eEcient source of dynamic action contained in the long, 
horizontal currents which flow between the Tropics and the 
polar regions in the micldle strata of the atmosphere, as illus- 
trated in the preceding Paper III. 

There is, in fact, a fundamental diflicnlty in accounting for 
the local supply of heat which is assumed to set the vertical 
convection in operation. Ferrel himself doubted the eficiency 
of the latent heat of condensation, for he says in his Meteoro- 
logical Researches, Appendix No. 10, United States Coast and 
Geodetic Survey, Par t  11, page 801 : “The condensation of 
aqueous vapor, therefore, plays an important part in cyclonic 
clisturlmnces, but is by no means a primary or a principle 
cause of cyclones.“ Professor Loomis asserted in Silliman’s 
Journal, July, 1877: “Rainfall is not essential to the formation 
of areas of low barometer, and is not the principle cause of 
their formation or of their progressive motion.” Indeed, a 
reasonable familiarity with the United States weather maps 
proves conclusively that there are many deep, fully-developed 
storms which form near the north Pacific coast and advance 
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'to the Gulf of St. Lawrence without any precipitation wort1 
mentioning. Also, cyclones form frequently in the southerr 
Rocky Mountain districts and advance into the lower Missis. 
sippi Valley without m y  important rainfall; from that regiom 
onward in their course the precipitation ancl intensity of thc 
storm often greatly increase, since the latent heat clerived froin 
the idowing  moist air of the Gulf of Mexico undoubtedly assista 
the vertical convection in the center of the cyclone. I f  the 
horizontal currents which converge upon a cyclonic center are 
bearers of moisture, the vertical motion caused by the dynamic 
action condenses the aqueous vapor: but if  such currents are 
dry, the cyclone advances unattended by precipitation. Hence, 
it follows that rainfall is a secondary phenomenon, and ie  
not sufficient of itself to produce true cyclonic gyrations. 
There are, on the other hand, many cases of copious pre- 
cipitation without any attendant low pressure. Thus. on tlie 
front of an ailvanc.ing cold wave there is often a long band oi 
rain area stretching from the Great Lakes to the Gulf oi 
Mexico, but without cyclonic formation, the precipitation being 
in fact caused by the upward lift of a warm southerly current 
which overflows the wedge-shaped cold wave in its southward 
movement. This is a dynamic uplift by overflow. instead of bg 
vortical gyration, awl it is sufficient to cause condensation and 
precipitation by the mechanical. action of an underflowing 
stratum of very low temperature. Furthermore, on one side 
of a mountain range, as the Alps, rainfall is observed to oc- 
cur in the midst of the high pressure, while on the other side 
of the mountains the atmosphere is clear and the pressure is 
relatively low, thus reversing the required conditions. I n  the 
summer season, local thunderstorms are quite as likely to hnp- 
pen in the midst of an area of high pressure as in that of low 
pressure, but here tlie vertical convection distinctly esists and 
arises from a superheating of the lower strata. I f  buoyancy 
of the lighter air is the principal cause of the gyration oi 
cyclones, then we should exliect to  find a similar rotatory 
motion developed in the foivation of cuinulus cloucls and 
thunderstorms in hot summer weather, when tlie vertical coni- 
ponent is evidently strong. But, on the contrary. while the 
ascension of the heated air is clearly visible in these clouds, 
there is usually no evidence of gyration of the cyclonic type. 
It has been found by Hann's mountain observations nncl by 
the Berlin balloon ascensions that the temperature of the cen- 
tral portions of the cyclone is colder than the temperature in 
the midst of the anticyclone a t  the same levels. Hence, if the 
relative density of the air colizmn is the source of cyclonic 
gyration, we perceive that this fact is in direct contracliction to 
the reqizirements of the condensation theory, which demands 
that the central colunin of the cyclone shall be warmer than 
its surrounclings. 

Since the advocates of the condensation theory of cyclones 
usually regard the generation of the tropical huriicanes as tlie 
best esample of that source of gyratory energy, it may be 
proper to state that tlie observed facts do not appear to sus- 
tain the theory. For (1) there is no 'evidence of a decided 
increase in the local temperature a t  the center of hurricanes. 
I n  this connection it is believed that the sudden iiae in tem- 
perature in the Manila hurricane of October 20, 1882, was due 
to the direct radiation of the sun through the calin eye of the 
storm; (2)  the winds are not sufficiently changed in direction 
a t  the feeble ring of high pressure to conform to the Ferrel 
pericyclone : they should be turned through a t  least 90" iiiore 
in azimuth; (3 )  the conditions of heated, saturated air pre- 
vail in the Tropics throughout the year, but  the hurricanes 
are produced a t  certain seasons only, and these are the times 
when tlie counter currents of the trades are most active a t  
their northern and southern limits. Dr. Hann reject,s the rain 
theory, and adopts the counter current theory for huricanes: 
Lehrbuch der Meteorologie, pp. 563-566. It can be proved 
conclusively from observations that two counter currents flow 

together a t  the places where tornadoes are formed, where the 
tropicai hurricanes are generated, ancl also where the cyclones 
of the middle 1atitudeN are produced. These currents are 
especially active in the strata one or two miles above the 
ground, and this is probably the reason why they have not 
received due attention in constructing the theory of storms. 
It may be concluded that the local overheated central region 
does not exist in cyclones as the chief cause of their motion, 
anrl that the theories fail which clepencl upon it. There are, 
however, other serious clifticulties of a mathematical nature to 
which attention must be directed. 

FERREL'Y LOCAL CYCLONE. 

On page 595, and following, of the International Cloud 
Report. the fundamental formulre ancl assumptions, as em- 
ployed by Professor Ferrel in his discussion of the local cyclone, 
are summarized, and an abstract for our purposes, in the n o t e  
tion already described in Paper I1 of this series, MONTHLY 
WEATHER RETIEW, February, 1902, p. 81, is given in the follow- 
ing lines: 

Cylindrical equations of motion applicable to the local cir- 
culation in cyclones. See International Clouil Report, p. 502. 

Assuinptions macle in cluscussing these equations : 
1. The temperature is a funct,ion of m only, varies along the 

radius, but not with the altitucle, ancl is symmetrical about the 
center. 
8. The local cyclone is symmetrical about the axis of gyra- 

tion, anrl is bounded by a cylindrical surface whose constant 
mclius is mo. 

3. The friction is proportrional to the relative velocity of 
two adjoining strata. 
4. The assumed law of the variation of teiiiperature along 

the radius is as follows, the isotherms being circles about the 
center: 

5. In integrating for the law of the preservation of areas it 
is aasnmecl that there is no friction between the air and the 
surface of the earth. 

6. All forces clepending upou the vertical velocity of the 
currents can be neglected, i(7 = 0. 

7. Po = the pressure for lib = 0. 
The equations of motions become the following by applying 

these asaump tions ancl transforming the pressure term : 

(2.)  

where n = , ? ~ y  Table 64, 23; tc= tempera- 
gz (1 + ut ) 

hire at! the center; ancl to = temperature a t  the outer boundary 
If the cyclone. 
As the result of the discussion of these two equations Ferrel 

leduces his cyclone which is represented in fig. 11. The cor- 
responding cold-center cyclone is shown in fig. 1'2. 

The first of tlie above assumptions regarding the distribu- 
ion  of the local temperature does not sufficiently conform to 
;he clata on the weather maps to be satisfactory, becaurre the 
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southeast section of a cyclone in the United States is usually 
much waimer than the northwest section. The symmetrical 

1 OI' clishibution of pressure about the center, where - - -- -- = 0. 
f' mar. 

is found in highly developed cyclones, and may be aclinittecl 
in the analysis. The friction term is of minor iiiiportance wit11 
respect to the general theory of a cyclone which we are con- 
sideling, and the vert,ical force derived from it? may be neg- 
lected, though not tlie vertical velocity itself. 

There are two entirely different methods of trent;iiig the 
second equation of motion, 

rn 't' 1 .& + (2)i. cos 0 + - 11 + X.17 = 0, 
d I? 

397 h. (2.) 

and this is the parting of the ways between (1) Ferrel's theory 
and (2)  the German theory. The primary question to be kept 
in mind is, does the result of t,he ol>servations conforni esactly 
to either of these theories? This equation can be integrated 
by omitting the fiiction term X.13 and m s k / ) i i w y  nil oittrr h f i i o i f l n r y ;  
or it may be solved by a simple transformation. s i i w ~  two ).uots 
vmt b t~  . f ixt i id,  ancl the cliscussion of the group of general equa- 
tions of motion cariiecl forward with these. The former inetliocl 
is Fei-rel's, and the latter is that of the Cierinnn school. namely. 
Guldberg and Mohn, Sprung, Oberbeck, Pocliels, ani1 others. 

Neglecting the friction term, the equation 3071) (2)  can be 

anrl multiplyiiig by m, 

FEBREL'S BULUTION. 

a m  
transformed, by substituting I I  = 

into 
a m  (fll a m  

2 11 cos 11 . m 7' + m -- - -j- 19 a t  = 0. 
df dt 

( 7 1 7  
Ferrel integrates as if ~f = omitting tlie two other terms; 

indeed, Ferrel was neglectful about the distinction between 
the total ancl the partial differentials in several portions of 

his work. The integration gives m'( )* cos 0 + ;) = 13, for each 

particle. Assigning an outer boundary as tlie liinit of in- 
tegration, then, for the entire rotating inass, we hluce ,  

ms ( 1 ,  cos (1 + - I= - mso ) i  cos 1); am1 hence, 

L' 

1 :) 2 

I? = (% 8 mz - 1) w ) I  cos 0, 

where 11 = the tangent,ial velocity a t  the c1ist:tiire rn from the 
axis of rotation. If 17 = 0, R = 0.707 rno, where h' is the raclius 
of the circle a t  which the gya tory  velocity reverses its clii-ec- 
tion. The locus of this I: is inclicatecl on fig. 11 for the warm- 
center cyclone and on fig. 18 for the cold-center cyclone: these 
two figures also sliow, in a general way, the airculntion in this 
type of vorticeH. It will iiot he necessary to explain it furtrher 
in this connection, but it is es~iecially important ti, observe thnt 
Ferrel came to this vortex by the demands of liis integration. 
nud that he sought to upholcl it by resorting to mc?h physicttl 
sources of energy as seeniecl to be availal>le. He had already 
applied ail entirely similar process to his discussion of the cir- 
culation of the atmosphere of the eart,li over an entire liemis- 
phere, but in that case it was, a t  least in part, jnstifiecl by the 
fact that the air on the hemisphere continues to remain the 
saiiie mass, SO that integration l>etween the pole anrl tlie plane 
of the equator was a proper proced11re. Yet, in comparing 
this vortes with the circulation as displayed in figs. (i nlid 7 
of Paper 111, we inust consider the other objections besides 
the difficulty of accounting for local supply of heat in the cen- 
tral portions which is neeclecl to keep the vortex iu motion. 

22-2 

(1) Ferrel conceived the general cyclone on the hemisphere to 
be one with n cold center, since the poles are cold and the 
Tropics warm; and then the modification was made that the 
local cyclone is one with a warm center with the edges cooler 
than the luidclle portions. If a qunnt.ity of wnter be placed in 
FA cylinclrical vessel, and sawdust or some other material be 
scattered in it to show the lines of the circulation. and if this 

Isobars in warni-center 
cyclone. 

FIct. l l . - F ~ r r ~ l ' s  c.ircwlitt.im in witriii-centrr cyclones. 

Isolmi~ in coL1-center 
cyclones. 

FIG. 19.-Ferrel's ciri-:ulnt,im in cwld-cent.er cyclones. 
be rotated on a tnrntable a forin of motion can be procluced 
p i t e  similar to tlie one Ferrel proposed to explain the mechan- 
~ s m  of storins. This circulation can be generated by any agency 
which will nialie a vertical current in the center of the fluid, 
5s a lanip on the lower side, or a paclclle screw nt the top. A 
lump of ice on the cteiiter of a rotating plane will give a circn- 
lation which is like that of tlie general cyclone over the hem- 
.sphere. Now this experiment is open to a t  least three objec- 
tions of a very serious nature when it is attempted to apply 
the lines of the model to the processes in nature. It is not 
mongh to show that there is an inflow a t  the bottom and an 
mtflow a t  the top. in logarithmic spiral curves, to conclude 
that the analogue is sntisfnctory. Therein lies an assumption 
which in fact begs the ent,ire question. The gr&t difficulty is 
that the circulation in the general cyclone consists of the same 
'iiass of air, which repeatedly pnsses through certain paths in 
:onsequence of the boiindary coiiclitions. The limited mass of 
hiid in the cylinilrical vessel is also the same mass Het in cir- 
xilation, being bounded by the top and Lottom surfaces and 
the currecl sides, corresponding with the ground and top of 
;lie moving air and the plane of the equator. It has by no 
.neans been shown that the air conceimed in the local cyclone 
3onsistu of the saiiie air inoving over and over again in siinilar 
paths, and it is first necessary to do this in order to establish 
tll a.ndogue of t l i ~ t .  kind. The evidence from the cloucl circu- 
.ativns proves that the cyclone is a form of circulation of the 
stationary type of configmatioil, through which fresh portions 
If the atmosphere continue to stream. If such is the case the 
tnalogue described above is innpplicable. and the deductions 
which have been SO coiiil~only drawn froinit are quite incorrect. 
2)  There is no pericyclone discoverable in the records based 
q o n  many storms. Ferrel tiiecl to show that the high-area 
wessures observed on the n i a p  are the resultants of two or 
iiore overlapping pericyulones. But the detailed construction 
rhowii in Charts 15-35 of the International Cloud Report gives 
20 support to this forin of circnlatioii. (3) Evidence of true 
:yclonic outflow at  the top at  some distance above the ground 
.; pr01mbly entirely lacking. The cyclonic components of 
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Table 10, pape!: 111, prove that the radial velocity is inward 
from the ground to the top of the cyclone. It is not om pur- 
pose a t  this point to  esplain the principles of the circulation 
that actually esists, but simply to indicate that the Ferrel cp- 
clone, though perfectly possible under certain coiiclitions, is 
not the type which storms follow in their construction. It is 
certain that the supposed malogpie between the local mid the 
general cyclone is not sustained by the evidence, nncl if the 
observed movement of the atmosphere can be accounted for on 
other principles, in conformity with the observations, it will only 
add to the force of the position here- taken that the Ferrel locd 
cyclone is merely one of many idealized cases. For these reasons 
we therefore are obliged to conclude that the Ferrel cyclone 
by no means conforms to the natural circulation, a d  need not 
be further. considered. Indeed, Ferrel's teaching regarding 
the origin of cyclones and anticyclones should be eliminated 
from modern meteorology. 

THE GERMAN FIOLUTIUN. 

If me make the ttbbrevintion 1 = %I cos O, retain t.lie frictiou 

term, ana make - - 4 , thus rejecting tlie two siii:t11 ternis. 

equation 3970 (3) becomes: 

f l u  0 '  
dd - df 

4% 

437 

There are two solutions of this equation, es shown on pages 

First solution (inner). 
598 and 593) of the Cloud Report, namely: 

Second solution (outer). 
C 

I (  3 - -m. 
2 

I' 
11 = ---. 

m 

These can be espresseil iii two general laws: 
(1.) Parabolic law. (9 . )  Hyperlwlic law. 

rrm = - v = collstn1it. c -- '' - - - -  = constant. 

- 1' - - + ~- . - = constant. 

m a 
1 P 

m k - - c  a 
These solutions are readily verified by subs t i tdon  in the 

second equation of motion, 397h, nnd the two forms give rise, 
respectively, to parabolic surfaces on the inside of a certain 
circle, and to hyperbolic surfaces on the outside of it. Their 
cliscussion is given on page 509; an electrical analogue is es- 
plained on page 531. and they are further illustrated oil pages 
619 to  623 of the International Cloiid Report. A diagrnnl of 
the motion is shomn in fig. 1:3 of the present paper. Tlie re- 
sult is that there is an outer region in wliicli there is no rer- 
tical component, IF = 0, and ttn inner region iu wlikli there is 
a vertical component which increnses with the sltitucle, I(' = 15 : 
see page 621, Cloud Report. These two regions are separ:t- 
terl by a circle where the tangential coniponent velocity, v, is a 
masimum; the velocity of rotation falls away to the center by 
the parabolic law, and also for nn unlimited distance outward 
by the hyperliolic law. The inner region lis.; the isobars s e p -  
rated from each other by distances conforming to the law. 
a, = Ks - mlp, where R is the radius of the circle of mnsiniuin 
velocity, and m, the radii of the successive isobars; on the 
outside the distances between isobars are determined by 

de = 2 RP log 2 ; fig. 1 3  shows these relntiw distances nud ye- 

locities. 

I'm = + ;.,I* = constnat. 

m 

R 

Recalling the circulation depicted iu Paper 111, we are in- 
liicecl to make the following remarks: 

The theory coinmon to the Chiiian school of meteorologists 
s founded upon the assumption of a vertical central. current, 
ike the electric current in a wire, which generates the cyclonic 
irculation in the inner and the outer parts. Now, there are n 
ieries of clifticulties nncl objections to this view, when it is at- 
,einpteil to apply it t,o the observations of the nctnal motions 
)f the atmosphere. fully as Rerious as those which have been 
irged against Professor Ferrel's theory. (1 1 There is no suf- 
icient evidence that the vertical current is of definite local 
wigin a i d  powerful enough to influence the enorinous cyclonic 

FIG. 13.--i)berberlr's ciwu1atii.m in warni-cunt.er ~y~~lonc's .  
listurbances 'extending horizontally to 1,000 miles in radius. 
rhese storins are very shallow conipared with their width, say 
I or I to 1,000 nt the greatest clepth. d n  upwvnrcl central cur- 
-eat in R siiinll inlier region of 300 to 300 miles radius, even i f  
ocnlly produce~l, coulil liarclly cniise the clisturbances observed 
)n the weather niaps. The chief cliiiiculty has been to show 
;lint there is any snilicient c m s e  for the existence of such n 
wrrent, and the reasons nlrencly urged against that view hold 
iere also, nniuelg. that the disturbing isotherms are not cir- 
des, but  their grnilients lie athwart the cyclone, generally from 
1W to NE; that cycloiies esist without precipitation; that 
~ainfttll does not necessarily produce cyclonic actrion; and that 
!oiintercurrents from two specific directions, as N W  and 8, feed 
nto the cyclone. which is not sustained from n supply eqiidly 
listributed arou~~d  n center. ('3) Tlie adoption of tlie inner 
incl outer parts of the cycloiie was due to the supposed neces- 
iity of avoiding infinitely p e a t  velocities a t  the center, if 

A ( .  
I = -  5 ancl 17 = + - -, as woulcl oc~cur for small values of m. 

m k m  
:t will, of course, be necessary to show liow this can be clone 
)y nome other solution. Even i f  that is accomplished we find 
itill other practiual difficulties in the Ctermnn solution hav- 
ng an inner and an outer part. This requires a masimum rota- 
,ional velocity I: at  t.he bouudnry m= R. But o w  observations 
live no support to this position any more than to Ferrel's 
81ieor;v bliat 1-0 a t  the bounrlarp of the inner and the outer 
)arts. A careful examination of our wind velocities slioms that 
;hey increase steadily froiii the outer boiinclary towttrd the 
*enter, when n surface of cliscont.inuity surrouncliag a ualu 
:enter siicldenly terminates the radial and tangential velocities. 
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The common occurrence of the central calm in hurricanes is 
suficient proof of this point. Furthermore, an examination 01 
the cyclonic components (up ' I - ~ ) ,  Table 10 and fig. 10, shows 
that the tangential velocity 11 increases from the outside toward 
the center without any tendency to fell off. Certainly, in fore- 
casting, no one expects to find the maxiilium velocities a t  200 
or 300 miles from the center. The two-part theory itself, al- 
though graclually reducing the velocity from a masimum at 
the boundary R to  zero a t  the center, does not esplain the es- 
istence of the central calm. (3) While the differential e c p -  
tion has two solutions which give some aspects plausible for 
this application, yet it is improbable that in such processes of 
nature as the circulation of the air there shoulcl be inore tlixn 
one law actually in operation. That the movenient shoulcl xncl- 
denly jump froin one system of forces to another is quite un- 
likely, unless cause can be shown for it. (4) I n  spite of skill- 
ful devices by which discontinuity in the rotation velocity was 
overcome, it is evident that tliere stsill remains a vertical dis- 
continuity a t  the l>ounrlar~-, which becomes inore ancl more 
pronounced with the increase in height above the surface, 
since w=ra. While i t  is hardly possible to actually observe 
the vertical components, yet the probabilities are that vertical 
motion sets in as soon as the isolmrs which surround the cy- 
clone are closecl up, and that all over this area there is a rising 
current. It may be laid clown as a principle that where closecl 
isobars esist there is an ascending or a clescencling current, 
according to the direction of the rotatipa. Where the isolmrs 
wander about without closing up. it may be assumed that there 
is no rising or descending air. In the case of cyclones this is 
confirmed by the general tendency of precipitnt,ion to occur 
over the entire region of the closed isobars. The preponder- 
ance on the eastern side over the western is due to the action 
of the general c h i f t  in the upper strata upon tlie circulation. 

Hence, we conclude that while the Ferrel and the C+ernian 
vortices are each possible and niay esist under certaiii condi- 
tions of boundmy ancl distribution of heat, they do not agree 
with the cyclonic and anticyclonic circulation as given by the 
cloud observations of 1896-97. Alt,hough it is not possible to 
utilize the Ferrel vortes in further developnients because the 
outer boundary is lacking, and though the German vortes. on 
the other hand, has apparently a closer application, yet even 
here it will be found clificult to avail ourselves of it without 
resorting to a modified method of enalysis. We sliall show, 
in part only, how this may be accomplished in the following 
papers, but the fact remains that the atmospheric circulation 
is usually too complex to be readily reduced to simple vortex 
motion of any kind. Hyclroclynamic theories of stream lines 
must, on the other hand, be employed on a larger scale in the 
meteorology of the future than has been clone in the past. 

FERREL'S THEORY OF THE GENERAL CIRCWLATION OVER A HEMISPHERE. 

We can only briefly mention the principles which prevail in 
Ferrel's and in Oberbeck's solution for the circulation of the 
atmosphere over a hemisphere of the earth. . I n  this case the 
boundaries are fixed, namely, the earth's surface, the plane of 
the equator, the topmost stratum of the atmosphere, and the 
pole of rotation. The lieat distribution is such that the polar 
regions are cold and the Tropics warm. The primary idea 
adopted in the inathematical analysis is that of the so-called 
canal circulation, as, for esnmple, when fluid in a long vessel 
with rectangular sides is artificially heated at  one of its ends. 
so that the fluid rises a t  thnt end, falls a t  the other. inoves in 
a horizontal clirection froin the marin end toward the cold end 
in the upper layers, but from the cold end to the ~ a r ~ i i  elid in 
the lower layers. In the same wag tlie atmosphere is assumed 
to rise a t  the Tropics, move northward in the upper strata, fnll 
in the polar zones, and flow southward along the surface of the 
earth. The effect of the contraction of t,lie meridians, together 
with the rotation of the earth, is t,o iiitrocluce a comples torque 

effect, which causes I the air to flow rapidly eastward in .the 
temperate zones, especially in the upper strata, and westward 
in the tropical zones, especially in the lower strata. The gen- 
eral result is shown on fig. 14, for Ferrel's solution; and on fig. 
15 the relative component velocities are given for Oberbeck's 
Bolution. These two methods of solution have some features 
in common, and also some of the results agree, and yet there 
is wide divergence in other respects, as will be indicated. The 
most conspicuous feature for us to note is that a neutral plane 
of velocity for the components 11 along the meridian is ob- 
tained, where there is no northward or southward velocity, but 
hove  it an increasing northward, and below it an increasing 
;louthwarcl velocity proportional to the distance from this plane. 
We sliall have to conipare this view wi th  the results of the ob- 
%errations as given in tlie data of the year 1896-97. The main 
features of Ferrel's solution of the general cyclone are con- 
tained in the following estracts from pages 588-590, Interna- 
tional Cloud Report: 

Polar equations of motion applicable to the general cir- 
culation over a hemisphere. 

Assmiiptions are macle precisely nndogous to those for the 
local cyclone. except that the temperature is expressed by the 
quation. 

t = 1 d, COS .s' 11, where. 
A,= 8.50*. A, - 1.75". -4, = - 20.95O. 9, = - 1.00'. 

d,, = - 2.66'. 
The equations of general motion take the forni, 

(1 I' o =  rlt - + cosD(431 + Y )  ti +kV. 

The second equation nchiiits of integration between the pole 
~ n d  the plane of tlie equator for the entire rotating mass of 
bir, with the resulting equation for the velocity u, 

If I' = 0, 0 = 54' .id', and the latitude q = 35' 16' where 

The locus of 17  = 0, above the surface forms an arch over the 
This is analogous to the curve 

the velocity revemes tlirection at  the surface. 

quator, as shown in fig 14. 
R of fig. 12 in the cold-center cyclone. 

TABLE 13.- Theoretical tae8f-eccet veloeitiew. 

Latitude 6. I' in miles per hour. 

sast,waNl. 
'. 

'1 

L' 

" 

I' 

westward. 
L' 

' 



168 MONTHLY WEATHER REVIEW. APRIL, 1902 

Height. 
H. 

km. 
0 
1 
a 
3 
4 
5 
G(A.Ou.) 
7 

Professor Ferrel was governed in h i R  method of integration 
by the theorem of the preservation of areas, m v=constant, 
depending chiefly upon the velocity ti along the parallels of 
latitude, in order that the sum of the momenta might be equal 
to zero, Tmv=O, for the entire earth, which is a necessary 
result. However, it led to impossible velocities, P .  as shown in 
Table 13, where excessive westward velocities prevail in the 

If we may assume that the location of the neutral plane is de- 
termined by the fact that half the air nioves northward over 
it, and half the air southward under it, then the height of this 
plane should be about G kilometers= 3.7 miles above the ground, 
as given in Table 14. 

TABLE 14.- T'krticnl dintiitation of preamre. 

Tropics, and enormous eastward velocities in tlie polar re,' ~ 1 O l l S .  

P r e Y S l I r e .  
B. 

qnm. 
7G0 
671 
591 
223 
461 
407 
359 
317 

1IHl. 0 
88.3 
77.8 
I%. 9 
IXI. 7 
53. fi 
17.4 
11. n 

hi. 
8 
9 

10 (Cirrus 
11 
12 
15 
14 
15 

1 Prmrtiirv. 
B. 

'ltttll. 

881) 
847 
918 
193 
171 I 
1% I 
133 
117 

per cent. 

3(i. 9 
32.6 
28.7 
25.3 
83.4 
19. x 
17.5 
15.4 

FIG. ld.--Ferrel's general cyclone. 

Ferrel attempted to show that the excessive east-west ve- 
locities coulil be reduced to proper proportions by introducing 
a coefficient of friction, and considering that the sum of the 
moments SI I+ al~ove tlie neiitral plane must be mnch greater 
than the h r &  below that plane. The excess of energy 
Twi vk- 1 ) t  P$= E, niust l>e used up in overconiing the inotiou 
of the atmosphere, employing the term friction to include the 
forces that retard circulation by internal turbulent motion, or  
by the action of the adjacent cliscontinnous surfaces of the larger 
streams. It is evident, however, even supposing this theory 
correct, that this source of retardation is by no means sufficient 
to overconie the great amouut of energy which must be con- 
sumed in motmion to equalize the heat energy derived from tlie 
solar radiation in the Tropics. Professor Ferrel never esecutecl 
R coniplete integration involving all the component equations 
of motion, but merely discussed his several equations under 
different relative conditions, ancl t,hus drew oiit of them certain 

:onceptions of the general circulation of the atmosphere which 
.t was easy to show harmonized fairly well with many of the 
facts which were known to him a t  the time of his study, now 

Pole 

I 

X&rowaZ. #a&- Wwd. YZddcaZ. 
FIct. 15.--Oberbeck's component motion# in the general cyclone. 

uearlg twenty years ago. It has become increasingly difficult, 
however, to believe that this solution is really as satisfactory 
ts \vas then supposed. 

OBERBECP'D F~OLUTION OF THE GENERAL CIRCULATION. 

Oberlleck attacked the same problem by a more complete 
tnhlysis, and reached conclusions which in general accord 
with those of Ferrel, but differ from his in important par- 
ticulars. He subdivided the total pressure of the atmosphere 
into paxtinl pressures, ancl deduced n series of component 
velocities which could be computed by means of coefticients 
listrilmted a t  equidistant intervals throughout the atmos- 
phere. An upper boundnry WBR assumed for the atmosphere, 
but the solution was conductecl in such a manner that this 
limiting stratum, whose height is H, could be changed in rela- 
tion to the radius of the earth, M. The equations of motion 
were constructed for an origin a t  the center of the earth, while 
Ferrel's origin was on the surface, but the two systems of 
?quations can be shown to be equivalent, so that the m a t h -  
:natical starting point is practically the same in both. Ober- 
beck held all the components together in one Rystem, and 
hence. by not discussing them separately, could arrive a t  some 
:onclusions which are really more instructive than Ferrel's. 
Yet it miill be easily seen that these do not conform sufficiently 
well to the data of ol>servntion to be accepted as the complete 
+elution of the problem. 

Taking the component equations and notation given on 
pages 591-593 of the International Cloud Report, Oberbeck's 
lolution for the component velocities is as follows: 

11. = C'G cos 0 sin 0 - (Gh' - 15Aa + 86'). 
South: 

a 
48 

a ) l  a 
#v3= - P cos B sin 0 ( y1 + 2r, - 7 ~ ,  cos' 0 )  - G P- 15h.a+ 82). 48 ( 

East: 
a -, = D Rin fj (1 - 3 cos' 0 )  mo (- 9h5 + 1511'2 - 15hd + 42). 

1' = D G COR' 0 -? (2OlPa' - 2ShC + 8a4). 9b0 ' 

Zenith: 
a 

(7 = (1 - 3 cos' //) - 1, - a)(3lr.a - 2 2 ) .  
8 (  
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D = 0.00008532 P. 
I' = R + Rh = R + H =  radius of earth + height of ntmos- 

1' c R + Ra = R + - Rh = mclius of earth + height of the 
phere. 

11 

10 
stratum c; 11 is the mrtsiinuln value of c. 

Assumed law of relative angular velocity, u = v1 cos* 1) - yP. 

Tables 15, 16, 17, give the relative coeacients of the COW 
ponent velocities in the direction of the meridians, the paral- 
lels of latitude, and in the vertical, respectively. By assign- 
ing values to H the different velocities may be computed. 

I have not Been succemfnl in obtaining such velocities as 
will harmonize a t  all well with the known UovementR of the 
atmosphere, and I have, therefore, been lecl to distrust the 
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TABLE 16. 
I. Fird cotiipotrcnts ott the pnrc~ lkb  iliw to the rotatioii of t k  earth. 
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that in the case of the inericlian components, I / ,  the upper north- 
ward and tlie lower southward circulation as cleduced for the 

TABLE 16-Continuerl. 

11. Secotid compottetifrJ on the parulklx duw to fh4, rotnfios of the earth. 
ill2 = horizcintal currcnts on parallels. + =enst, -=west. 

16, differs radically from Ferrel's result, aiid it should be care- 
fully noted. Oberbeck divides the enstward drift in higher 
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parallel 35O. The eastward 11 is a miixiinum in the neighbor- 
hood of latitude 60”, U = 30°, but vanishes a t  the poles. This 
is exactly contrary to Ferrel’s result, which made tlie velocitg 
17 a masimum a t  the pole, before tlie assumed modification by 
friction was appliecl. Oberbecli iiiakes the westward drift a 
masimum a t  the plane of the equator, which is certainly not 
in conformity with the observations. He also makes the west- 
ward velocity incrense a t  the equator from the surface to the 
upper boundary, and show no sign of a reversal from westward 
to eastward a t  a moderate elevation. as is generally believed 
to be the fact, judging from certain well known niotions of the 
air observed in the Tropics. 

Tlie United States Weather Bureau has been conducting R 
series of nephoscope observations in the West Inclies for thE 
past three years, and it is hoped that. tlie discussion of these 
observations, soon to be undertaken, will give us some defi- 
nite information on this important point. 

The second term i12 modifies, I.,. bat tlie two combined, ‘13  = i ’ ,  + P~. sustain the conclusions just mentioned. This feature 01 
Oberbeck’s solution is so far from conforming to the observed 
iuotions of the atinosphere that! it seems to me to be inferior 
in value to Ferrel’s for the Tropics. Ferrel’s arch over trlie 
Tropics, shown in fig. 14. is probably a fact, and if this is so, 
then the only serious modification required in Ferrel’s treat- 
inent is to show how the escessive eastward drift in the mid- 
latitude aiicl polar zones can be effectively checked It is evi- 
dent that there luust be a large amount of energy available 
for use in the construction of local cyclones and anticyclones, 
ancl that there is, therefore, no pressing need to refer tlie 
energy of these motions to any local supply of heat, as is clone 
by those who extend to cyclones the theory of the latent heat 
of condensation from precipitation originally devised by Espy 
to explain cumulus clouds and thunclerstornis. The compo- 
nents M Y  and q. Table 17, show that there is ltn ascending 
current in the Tropics, and a descending current in the higher 
latitucles. Thus. as the result of the theoretical cliscussion in 
general, the canttl theory has several’ of its fent.ures verified, 
and yet there are serious discrepancies inherent in both Fer- 
rel’s and Oberbeck’s solutions. 

My statement has suggested by implication that there esists 
an important principle which lias been neglected by these me- 
teorologists. They have each discussed the general and tshe 
local cyclones as if they were in a sense ~ ~ / d q J C ? t # ( k w ~  (f om: an- 
dhw, since separate sources of heat energy are assigned to 
each, ancl two characteristic laws of circulation are deduced 
therefrom. It is much more natural to suppose that these two 
systems are niutnally interdependent, and that the exc.ess of 
energy of the general cyclone is transformed into the driring 
forces of the local circulation; also. that the acquired niobion 
cif the local cyclone reacts upon and retsrcls tlie escess of mo- 
tion of the general cyclone in the temperate zones. Tlie sub- 
ject becomes, however, exc.essivelp complex. and I can only 
attempt to sketch in general terms in niy nest paper an out- 
line of this view, hoping some other tiiue to be able to supple- 
ment it with a more suitalde mathematical analysis, when the 
study of the observations now in hand has been aclvanced more 
nearly to completion. --- .- 

REVISION OF WOLF’S SUN-SPOT RELATIVE-NUMBERS. 
Uy Prof. A. WI.IY.~I.:I<, Zurich, d:ltd M:lrch 2!1, 1‘3-12. 

The nest number (XCIII) of the Astrononiische Mittheilun- 
gen will contain LL new edition of Wolf’s table of relrbtive n ~ n -  
bers, in which not only will some iunccuracies of the enKlier 
tal>les-1)artlg errors of computation, partly typographical 
errors-be expiinged, but those older observations that have 
come to light since the tables were colnpiled, but have not get 
been worked up, will Le used in tlie revision. For the lliost 
part these new observations were macle at  Hremsmunster 

during the years 1803-1830 and have furnished a very valu- 
able addition to the record of sun spots. I now send you a 
copy of this corrected ancl completed series (Table l), en- 
titled ‘< Observed sun-spot relative-numbers. ” This table, 
extending from 1749-1001, replaces that published by Wolf in 
lXS0 in No. L of the Astrononiische Mittheilungen, as well as 
tlie various copies wliicli afterwards appeared in the Meteoro- 
logixche Zeitschrift and in the Meniorie della Societi degli 
Spettroscopisti Italiani. [It also replaces the table on pages 

tains no error, and is now to be regarded as definitive so long 
as tlie complete new reduction of the whole amount of obser- 
vational inaterial is not esecuted, for which the preliminary 
work is now going on; this will, however, apparently require 
five or sis years more.’ 

Those niimbers in the above-mentioned table that are entered 
in heavy-faced type depend wholly on actual observations; those 
in light-faced type depend in great part upon actiial observa- 
tions, yet also have in part been obtained by means of graphic 
interpolations between the clays of aiig month that contained 
observations with considerable gaps between them; the inter- 
polated nizmbers were combined with the observed numbers 
in the computation of tlie monthly means. Only a very few 
monthly iiieans, in tlie eighteenth centur.y, depend entirely 
upon interpolations; by far the larger number are based upon 
actual observations. But every monthly mean in which even 
R single interpolated number has been used is shown by light- 
faced type; in this respect the distinction may have been too 
rigorous rather than indulgent, and the light-faced type are, 
therefore, in no sense to be regarded as an inclication of the 
unreliability of the corresponding numbers. 

I have thought that it would perhaps be agreeable to you 
R ~ R O  to possess new editions of the two other tables that arc 
based upon the preceding, namely, tho table of “Smoothecl 
relative niiinhers” and that of the ‘ r E p o ~ h s  of mnsiiiin and 
miniilia,” which are directly decluced from the preceding. I n  
No. SIX of his Astronoaiisc?he Mittheilungen Wolf has pub- 
lished tlie smoothed numbers up to 1x76, inclusive, and repro- 
ductions of these are found in various periodicals and other 
publications. But there are some errors of computation in 
this table. and numerous typographical errors occur in the 
reprodnc tions. 

The smoothed relative numbers of Table 2 present the mean 
Course of the spot phenomena; that is to say, without the nu- 
meroils secoiiclary short-periodical variations that really occur 
in addition to the 11-year variation. Investigations into the 
general course of the phenoiuena and the periods of a higher 
d e r  slioulcl, therefore, be based upon these smoothed numbers 
a n d  not on those observed. The aiethocl of forniat-ion of these 
uunibers has been explained by Wolf. in No. SLII of his As- 
tronomische Mittlieilungen. The nienn of every twelve con- 
3ecutive observed inonthly relatsive numbers is taken, and every 
pair of two consecutive inemis is again united into one menu 
value according to tlie following scheme : 
1/19 (I + I1 + I11 . . . . . . . + SII) = ul,  for epoch July 1. 
1/12 (I1 + I11 + Tv. . . . . . + SI1 + I) = t i y ,  for epoch August 1. 

This method of snioothing is conformable to that which 
Wolf lias used for eliminating the annual period of the valia- 
;ions of magnetic declination when comparing the latter with 
;he solar spots. This consideration was not necessary for the 
:elative numbers but the coml>ination of twelve inonths into 
me mean has been aclopted in order to secure a uniforni method 
if treating both phenomena. Talde 8, which contains these 

A s  Professor W’olfer‘s revision furnishes 11s wit.11 siiii-~pot iiulnbers 
h t  relila,ce all prevkm piihlii~*;tt.ims the Editor has r~p~vi.ltiited thein ill 
p q d i i c t  f w w  im figs. S iiiitl 3. In thest. figirres the light line represents 
,lit. ci1,aerrei.l iiuiiibers vf Table 1, the heavy line the smoothed nuiiibers 
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1/S ( + 1 2 , )  = r, which is the siuootlied number for mid-July. 

>f Talde %-ED. 


